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Abstract

Time-resolved and spatially-resolved diffraction techniques have been developed reqesitigriao
materials dynamics study in-sigxtending into the timand spatial domain in high temperature
processes. Thapplications of thesanethods toinvestigate the chemicalynamics of solid
combustion reactions and to map phases twed transformation in fusion welds aexemplified
in this paper.

1. Introduction

Real-time studies of dynamical processes in-situ undesevere temperature @ressure
conditions ofterpose achallengefor experimentalists. In materiatg/nthesis such as combustion
synthesis andnaterials joiningorocesses such agelding, high intensityheatsourcesare used to
createsteep thermagradientsthat rapidly heatnd cool materials to anfdom their melting point.
This rapid thermal cycling induces solid state reactions and/or phase transformations ledtingn
and oncooling,and causemelting and solidification in regions athe material where thikquidus
temperaturéhas been exceeded. Composition and/or structure fluctuations are expected to occur
along thermal gradientgnd microstructural discontinuities exist(at near) the location oéach

phase transformation isotherm.

Combustion synthesis is a relativelgvel mode of preparing high temperatumaterials via
solid-state reactions. These reactions are universally accompanied by the release of a large amount
heat. Once ignitedith anexternal heat source, thesalid combustion synthes{SCS) reactions

become self-sustained and propagate to completion within seconds. Also known as self-propagating
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high temperaturesynthesis (SHSYeactions, thes@rocessesare characterized by a fast-moving
combustion front (1 to 200 mm/s) and a self-generated temperature varying from 2000ko A
number ofceramic, intermetalli@nd composite materiatgvebeen synthesized by this methad

including high temperature superconducting oxdes

Although the basic concepts of this method of materials syntresiglativelyeasy to apply
in principle, there remains a number of bagiestions concernintpe physical anghemical nature

as well as the dynamics of phase transformation withinmibnang combustion front. The situation

is true even with the most simple A + B AB combustion reactions. Untiécently-/, it hasbeen
difficult to investigatethese reactions because of thpeed andextreme thermalconditions.
Examinations of reactardnd product phases arbeir microstructures arpossiblewith x-ray
diffraction and a variety of optical and electron microscopies. However, the high temperature and fast
rates of combustion preclude any in-situ investigation of structural changes and chemical dynamics in
the combustion zone in real time with most conventional techniques.

Material systemswhere thermally induceghase transformations play a significaote
include allotropic elementsuch as purditanium (hcp- bcc); two-phase alloysuch as stainless
steels (fcesbcc); martensitic alloysuch as iron-basesdteel alloys (fce.bct); and dispersion-
strengthened alloyaMlost of the phase transformations of interesill involve deviations from
equilibrium microstructures, resulting partial transformations and/othe creation of metastable
phases. These types of phase transformations have aroused a lot of interest in recenvgiglamg in
research development and in the metallurgical comniunity

From apractical standpointsolid statephase transformations arbeir kinetics play an
important role in understanding various problems assocwitbdthermal processing ofmaterials
such as sub-solidugracking, cold crackingnd distortion caused by residisatesses°. Solution
to these problemwill greatly be facilitated by the developmentraivel experimentainethods for
determining phase transformatitwehavior in the steep thermgitadients and at thieigh cooling
rates. Until morerecentl}*** no direct methodexists for investigating solid state phase

transformationghat take place. Conventionalethods for studyingieneralphase transformation
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behavior are mostdirectand of apost-mortenmature Moreover, thesenethods onlyprovide data
for low heating and cooling rates on the order of ~1 Wlsch is muchessthan those o&rc welds
(10 - 1@ K/s), and laser and electron beam weld$ (100* K/s).

In this paper, wedescribe a couple of recenttievelopedsynchrotron techniques arideir
applications (a) to follow theourse ofreaction of a carefulllchosen Ta + C- TaC solid
combustion system withtame resolution of 50 ms by recording thiene-resolvedx-ray diffraction
(TRXRD) patterns in situ and at high temperature and (b) to probe the phases and map their location:
in steep thermajradients down t@00 um in spatial extent in a Tusion weld by recording the
spatially-resolved x-ray diffractio(6RXRD) patterns irsitu, in real timeand at temperatur@uring
the welding process.

The choice of the Ta-C combustion system is two-fold. Firstly, the combgsttinesis of
both TaC and TeC from Ta and C istypical of many othecombustion reactions because the

adiabatic temperatures (2438 and 2360°C for TaC and TaC respectively) are below the melting

temperatures of tantalum, carbon, the carbées knowneutecticcomposition3. Therefore, these
combustion reactions must occur in the solid stétte no participation of a liquidphase. Irfact, it

has beensuggestedhat the rate controllingtep inthe combustion reactions of Ta and C is the

diffusion of carbon into the tantalum partidiéd6 Secondly, Ta and itompoundsarestrong x-
ray scatterersvhich in turn enableshort scantime of eachdiffraction pattern down to tens of

milliseconds with good signal-to-noise ratfos

To illustrate novelty of the SRXRD technique, we choose titanium fusion welds as a case
study®®, and apply this technique to map completely the phases and their solid-state
transformations in the HAZ in-situ during the welding process. In a fusion weld, two distinct
microstructural regions are formed: (i) the fusion zone, FZ, in which melting, solidification and solid
state phase transformation have taken place, and (ii) the heat affected zone, HAZ, in which only
solid state phase transformations have taken place. In each zone, metastable microstructures may

be created that can enhance or degrade the quality of the weld, depending on the materials and
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processing parameters. Results of profile analysis of the diffraction data were used to elucidate the
evolution of various types of high temperature microcstructures in the vicinity of the HAZ

surrounding the liquid weld pool. The observed phase boundaries are compared with those

calculated from a heat flow model®®,

2. Experimental Methods

2.1 Time-resolved diffraction measurements

The diffraction-reaction chamber, and detectors are shown schematidally ih. Adetailed
description of the apparatimsbeengiven elsewher@20 This apparatusvasdesigned taccept a
synchrotron beam incident at an angle of®-@® a combustion specimen. The detectors are silicon
position-sensitive photodiode arrays manufactured by Princeton InstruidéntEach array is 25
mm long containindl024 pixels, and is capable of recording a faitan of 1024 pixels in 4 ms.
Diffraction experiments were performed at Brookhaven NatiSgalchrotronLight Source(NSLS)
on beamline X-11Ausing a focusseleam monochromatizedith a double Si(111)crystal at

8048.0 eV Kk = 1.5406A ). The detectoesachspanning 6 20 were centeredt 36.5 and 72°
(wheref is the Bragg angle for a given reflection) to collect thgI®) and (211})iffraction peaks
at the start of the reaction as well the major diffraction peaks of both TaC ggitaucts inthese
20 windows. The vertical hutch slit was adjusted to a heigx46 mm forthe Ta + C reaction (I)
and 0.25 mm for the faster 2Ta + C reaction (Il). These in turn produced arbearayofl.1 mm
and 0.6 mm long respectively along the length of the sample angle of 25'.
Diffraction patterns were collecteahd stored at constatitne intervalsfrom the initiation of
the reaction through completion with a total collection time ranging from 15 se&éhds. Aypical
TRXRD experiment might consist of 500 scans each collected at 100 ms. Scan times of both 50 anc
100 ms time frames were used for both reactions | and Il. $2dsavere collectedluring the burns

of severalsamples ofach mixture. Some expansion dhe material was expectethd tookplace

during the reaction causing slight shifts in the pee&itions to high @ value. Prior toignition, the
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room temperature diffraction pattern edch specimen was routinely recordedptimize sample

position, choice of @window andS/N ratioswith scantime. Diffraction scansverealso taken of
the cooled produdd-10 minutes after completion of the reaction. Conventional powder diffraction
patterns fronthe surface asvell asthe interior of each reacteshmpleswere later collected in the

laboratory to verify the product phase using a conventional x-ray tube

2.2 Preparation of combustion synthesis specimens
Stoichiometric mixtures of metal and carbon powders (1:1 and 2:1) respectively for reaction I:
Ta + C=TaC andeaction Il: 2Ta + C = T& were weighednd mechanically mixed in SPEX
mixer for 10-30min. The combustion specimemgre pressedcylindrical pellets, 19 mm in
diameter and about 25 mm long with a green densityp6£6. The pressed samplesgereignited at
one end by aesistively heatedlungsten coil. After ignition, theburn becameself-sustaining due to
exothermicity of the reaction.All Ta + C and 2Ta + C reactions reported hesre performed in
helium at a pressure ofdm orslightly less toobviateoxidation and taminimize air attenuation of

the diffracted signals.

2.3 Spatially resolved x-ray diffraction (SRXRD) measurements
SRXRD experiments were performed on the 31-pole-wiggler beam line 10-2?* at Stanford
Synchrotron Radiation Laboratory (SSRL) with the storage ring operating at an energy of 3.0 GeV
and injection current of ~100 mA. Details of the SRXRD instrument can be found elsewhere'**?
A schematic representation of the experimental set-up is shown in Fig. 2.
XRD measurements were made using a monochromatic x-ray beam with a photon energy of
8.5 keV (wavelength A = 1.4586 A). A Si(111) double crystal monochromator was used preceded

by a toroidal mirror in a 1:1 focusing geometry. The spatial resolution of the experiment was

determined by a 180 pm pinhole placed 30 cm in front of the weld. A photon flux of about 2010°
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photons per second was determined using an ionization chamber situated between pinhole and
weld. From photographic paper measurements the beam size on the titanium bar was estimated to
be ~200 pum. X-ray diffraction patterns from the titanium bar were recorded on a water-cooled 5
cm long 2048 elements position sensitive photodiode array detector. The detector, similar to those
described in the TRXRD experiments, but upgraded to 50 mm long to contain 2048 pixels, was
placed 9.5 cm from the weld at an angle of 30° with respect to the primary synchrotron beam
covering a 20 range from 30° to 60°. The detector and associated ST721 data acquisition system
were manufactured by Princeton Instruments®”, The latter was used to store and display the x-ray
diffraction data in real time.

SRXRD patterns were measured during welding by positioning the beam at a pre-
determined location with respect to the welding electrode. A single diffraction pattern at each
location was collected for 6 s while the bar rotated under the torch at a constant speed of 0.2 rpm.
By incrementally jogging the weld to new locations in 200 pm intervals, a series of spatially-
resolved x-ray diffraction patterns was collected along a lineal scan direction perpendicular to and
away from the centerline of the weld. For example, a typical run consisted of gathering 40 x-ray
diffraction patterns spanning a range of 8 mm through the HAZ. A schematic representation of the
mapping procedure is presented in Fig. 3. The dimension of the liquid weld pool was determined
from the experiment, whereas the dimension of the heat affected zone was estimated from a heat-
flow model™. Each dotted line represents a single experimental SRXRD run, and each dot denotes
an x-ray diffraction pattern collected at this location with respect to the center of the weld. After
completing a run, the weld was allowed to cool to room temperature and the electrode was

repositioned to a new starting location with respect to the x-ray beam prior to taking the next



Invited Paper: Proceedings to the IAC-2 Conference7

series of data. As can be seen from Fig. 3, by symmetry only one half the weld was mapped
experimentally. In the following analysis, only the top half of the entire weld will be displayed for

simplicity.

2.4 Titanium samples for welding

Cylindrical welding samples were machined from as received grade 2 commercially pure
titanium measuring 10.2 cm in diameter and 12.7 cm length. These samples had a surface finish of
1.6 pm RMS and were round to within 10 um on the diameter. Chemical analysis was performed
using combustion analysis for O, C, N, and H, and inductively coupled plasma analysis for the
remaining elements. The results show the following impurity content (wt %): 0.14 % Fe, 0.17 %
0, 0.03 % Al, 0.02 % Cr, 0.008% C, 0.001 % H, 0.014 % N, 0.02 % Ni, 0.005 % V, 0.004 % Si.
The final cylindrical samples were then vacuum annealed for 30 min at 400 °C to partially recover

the cold work that was introduced during machining.

2.5 Welding setup and procedure

Gas tungsten arc welds were made on the titanium bars using a 150 A direct current welding
power supply with the electrode held at negative polarity. A new welding electrode made of W-2
% Th, 4.7 mm in diameter, was used for each weld. The power was maintained constant at 1.9 kW
(100 A, 19 £ 0.5 V) for all welds, and helium was used as both a welding and shielding gas. The
titanium bar was rotated at a constant speed of 0.20 rpm below the fixed electrode, which
corresponds to a surface welding speed of 1.1 mm/s, and resulted in an 11 to 12 mm wide fusion
zone on the surface of the titanium bar. All welding was performed inside a chamber purged with
ultra high purity helium (99.999 %) to minimize oxidation of the titanium that had occurred'®. The

He gas was also passed through the torch during welding to further prevent oxidation in the weld
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region and to cool the torch. The welding assembly was integrally mounted to a translation stage
driven by a stepper motor with 10 pm precision. Spatial mapping of the phases in the various
regions of the HAZ was performed by using the translation stage to manipulate the weld (welding
torch and workpiece) with respect to the fixed x-ray beam in order to sample discrete regions
around the weld. Movements perpendicular to the centerline of the weld were controlled by a
computer and were performed by direct translation of the workpiece with respect to the x-ray
beam. An in-house designed software package was developed on a personal computer using
LabView software v4.0 to control the position of the weld with respect to the x-ray beam, to
control the bar rotational speed (welding speed), and to trigger the data acquisition system in a

second computer.

3. Results
3.1 Time-resolved diffraction data

3.1.1 The synthesis of TaC

Fig. 4 shows a series tfpical time-resolved diffraction patterfer the synthesis of TaC
from a stoichiometric mixture of its constituent elements. In this TRX@&RReriment, the detector
counting time per diffraction pattern (scan) was 100 ms, and 500 such scans were recorded to yield
total measuremernime of 50 s. Irthis 3-D plot, only every 10th scanwas plotted to easdsual
representation of the course of reactiath time. t = Ocorresponds tdriggering of the detector to
initiate collection of diffraction patterns of the reactant mixture priartival of combustion front at
the area of the sample illuminated by the synchrotron beam.

Examination osuch atime series of TRXRD diffractiorscans showshat thesequence of
chemical events in the combustion zone may be represented by a subset of selected scans
as plotted inFig. 4. Two tantalum metapeaksare prominent untib.6 shave passedwvhen the
Debye-Wallereffect diminishes their intensities due daival of thehigh temperature combustion
front. The Ta (110) peak splits at 6.7 s and another peak is observedl 20.35The Ta(211) has

almost disappeared and only a hint of scattering is obsertbd renter of theeconddetector at
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high angle. At 7.5 s both TaC andhCapeaksare clearly registered inoth detectors. Considering
the combustiorfront velocity (~2.0 mm/s) andbeam width of1.1 mmalong the direction of
combustion front, the combustidront would pass throughhe x-ray spot in ~0.55 sAfter 30

seconds, most of the scattering fromQdas disappearddavingonly TaC peaks prominent in the

patterns, which shifted to high2@ valuesindicative of latticecontractionupon cooling. Laboratory
XRD patterns showed onlyaceamounts of subcarbide in the interiorveall as onthe surface of

reacted samples.

3.1.2 The Synthesis of &

The 2Ta + C- TaC reaction was also monitored at both 100 ms and 5fmmescale and

the corresponding TRXRDBcansareshown in Fig. 6. Only 50 ms ( onERXRD frame) elapses
from the time the Ta peaks begin to decrease at t = 1.60s and the m@j@eé&s appear att = 1.65

S. By the nexframe, all thesubcarbide peakare evident with nondication of any other species
present. Since this reactiovas a faster and to test spatial resolution of the diffraction peaks, the
hutch slit was adjusted @25 mm. At a velocity of 5 mm/s, theurn frontwould pass through the

0.6 mm long x-raypeamspot in 0.12 s or 120 msThe same scenario is replayedaih of the
TRXRD data recorded for this reactidfiowever, there is no indication of anptermediate carbide

phase. In podiffraction scans, T# is theonly tantalum-containinghase present ahe surface

and in the interior of the combusted sample.

3.2 Spatially resolved x-ray diffraction dataPhase mapping in the HAZ of Ti fusion welds

Pure titanium exhibits two phase transitions: an 00— 3 phase transformation in the solid
state at 882 °C and melting at 1668 °C 2. In commerciallypure grade 2itanium employed irthis

work, the allotropic transformation from a hagphase to a bdé-phase occurs at ~9P& due to the

presence of iron, oxygen, and other impuritidBuring the welding process, these phase transitions

give rise to two distinct microstructural regions: a fusion zone (FZ) in which melting upon heating
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and solidification on cooling occur and a heat-affected zone (HAZ), in which the a—=>[3 solid-state
phase transformation and other microstructural changes take place. A typical series of SRXRD
patterns measured across the o> 3 phase transformation isotherm is shown in Fig. 7. The starting
position and scan direction of the SRXRD run with respect to the center of the weld are shown by
the dotted arrow in the inset. A transition from a [3-Ti bcc pattern at high temperature inside the
HAZ, to a a+B-mixed zone, and eventually back to the a-Ti hcp pattern can be seen. In addition
to phase transformations, the material undergoes annealing and recrystallization in the cooler region
and outside of the HAZ. SRXRD data obtained from different starting positions with respect to
the weld center may be classified into five principal diffraction patterns. These patterns are labeled
as o for the base hcp metal, a,g for the annealed and partially re-crystallized hcp phase, Org for
the re-crystallized and grain growth in the hcp phase, B for the fully transformed high temperature
bce phase and agyp for the back transformed hcp phase. Examples for each of the principal
patterns are displayed in Fig. 8 together with one for the a+f-coexistence region. It should be
noted that all principal diffraction patterns belong to either the a-Ti or the 3-Ti phase, but indicate
differences in texture, degree of re-crystallization or annealing, or phase concentration. These
principal diffraction patterns and the associated microstructures are described in detail in the

following section.

4 . Discussion

4.1 Chemical dynamics of the Ta-C combustion synthesis
Quantitative determinations of component concentrations in the T#C-$gstem using
intensities of diffraction peaks have been repafteth the present work the concentratioreath

of the Ta reactant, & and TaC final product at a given instant of time in the course of the reaction
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is directly proportional to the intensities of all observed diffraction lioeshe respectivgphase as
shown inthe TRXRD patterngjiven in Figs. 4-6. The summation of intensitgver all lines
eliminates effects of preferred orientation in tipwder" patterns observedsing the present
diffraction geometry. The intensisum foreachphase is themormalized to itsnaximum value
and plotted as a function of time to yield a set of normalized concentration pvsfilene. These
profiles are shown in Figs. 9 and 10 for reaction | and reaction Il respectively.

Consider first the Ta + @action. InFig. 9, it is seerthat the reduction in intensity of the
Ta metal peak due to tli@ebye-Wallereffectfrom pre-heating othe sample isesponsible for the
slope of the metal concentration between 2.0 - 5.5 s. Note that the Ta concentration profile intersect:
first with that of the TgC intermediate, and that the TaC concentratias notreached itsnaximum
until the TaC concentratiorhas grown and then diminishedAlso, the chemicaleaction is not
confined to a narrow zone at the combusfromt but continuesifter thepassage othe front. The
reaction temperature remairaove 1200 °C for approximately 4secondssince the average
combustion front velocity is ~2 mm/s The normalized intensity plot of Fig.c8arly showsthat it
takes3-4 seconds fothe growth of the Ta@hase. Thiglearly substantiates the premisieat the
combustion synthesigactionfor TaC continuesor severalseconds anthat an equilibrium is not
reached until well after the passage of the burn front.

In solid statechemicalreactions the interfacial ardzetween reactants may influence the
overall rate. If transport of atoms tive interface becomes too slow then ierfacial reaction
becomes rate controllingVith most combustiomeactionsfor metalcarbides syntheseke melting
point of the metal reactant is low enough that it melts at the combéistiirand bycapillary action
surrounds the carbon particles. The occurrence maximizes the interfacial area. Furthermore, it seem
unlikely that at1700°C the vapopressure of T2 is high enough tanfluence the overall rate of
reaction by a vapor transport mechanism.

Thus, the experimental findings are consisteittt a purely solid state mechanism. It is not
unexpected that B& was observed first before the formation of TaC in reaction. Both self diffusion

and chemical diffusion coefficients have been measured igTalhese measurements indictiat
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in the temperature range of interdst00-2000°C the carbonatom diffuses severalorders of
magnitude faster than the Ta atom in TaC. Thereforeadmon diffusesnto the Talattice, adilute
solid solution is formedThen, asnore carbordiffusedinto the Ta the concentratidavel of C is
raised high enough fahe formation of TgC. In the TaC structure (P8mmc) there are two
octahedral interstices on eithgide of a hexagonal layer. Theaee located directly above one
another, and only one of these can be occupied. That is, only one-half of the octahedral interstices ir
TapC is filleck?. Further, carbon diffused into the subcarbide lattice whald to beaccommodated
by a hexagonal-to-cubic transformation to the TaC phasehich all octahedralsites can now be
occupied. However, if there were just enough carbon to form the subcarbide as in tgabtofinal
product would just be & as was observed in reaction 1.

Within the time resolution of our synchrotrodgiffraction experiments no intermedigibase
Is observed in the 2Ta + C reactiolgain, the direct conversion of the stoichiometric powder
mixture to TaC is consistent with the phase diagram which shows only the two compdtindsy,
the formation of TeC proceeds by a factor of ~2 faster tfianthe formation ofTaC, asindicated
by the steeper slopes thfe TaC concentration profile@Figs. 9and 10) asomparedwith that for
the TaC formatior{Fig. 9). This in turn suggestkat thediffusion rate ofcarbon to the Tanetal
lattice to form the T#C hexagonal phase is a factortwb faster than theate ofcarbon diffusion in
the TaC lattice intransforming tothe final TaC product. It is challenging telucidate the

mechanism of each of these reactions to further our understanding of the observed reaction times.

4.2 Phase distribution in the Heat-affected zone of Ti fusion welds
In the following, the five principal diffraction patterns will be discussed in light of the
associated microstructure at various locations in the HAZ and its vicinity during the welding
process.

4.2.1 The Qg pattern: location and associated microstructure
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The locations at which the O,r pattern was observed are plotted in Fig. 1la. The
corresponding diffraction pattern is shown in Fig. 11b. Profile analysis revealed that the peak
width of the a4 patterns appearing at the end of each of the SRXRD scans was narrower than the
room temperature base metal peak width. This implies that none of the SRXRD scans were
measured far enough out to reach the unaffected titanium base metal.

Polycrystalline titanium base metal starts with small diffraction domains and grains that
exhibit a high degree of disorder and internal stress due to the extrusion and machining process.
Stresses and disorder result in broad single peaks originating from diffraction domains with sizes in

the order of 20 nm. Domain sizes were obtained from the Scherrer formula®

(t= 0.9A/(v,, cos(©,,) ), with ¢ the thickness of a diffraction domain, A the wavelength, and vy

and Oy the peak width (in radiant) and Bragg angle of the (hkl) line, respectively. Thus, diffraction
domain sizes were calculated to compare different phases and evaluate relative microstructural
changes, but not to obtain absolute values.

Moving towards the center of the weld in x and y, annealing of the base metal takes place
with increasing temperature. Defects and stress in the grains are being reduced and small diffraction
domains grow to form larger, more perfect domains. This results in a progressive narrowing of
diffraction peaks along the positive temperature gradient. Fig. 12 shows the variation of the a-Ti
(002) peak width for two experimental runs ahead of the weld center at position x = -8 and -7 mm.
The y scales of these two SRXRD runs were combined employing the simplified heat-flow
model™. Peak width narrowing is given as difference between the a-Ti (002) peak width of the
base metal at room temperature and the o, (002) peak width at temperature. As can be seen from

Fig. 12, the variation of the (002) peak width as a function of y-coordinates along a positive
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thermal gradient towards the weld center proceeds via a minimum in domain size. This suggests a
three step mechanism, where the following three steps can be distinguished: (i) an initial annealing
of defects and stress in the base metal and growth of diffraction domains resulting in a peak
narrowing, (ii) a recrystallization process that yields smaller yet more perfect domains and leads to
a broadening of diffraction peaks, (iii) subsequently a growth of diffraction domains which results
in a narrowing of peaks eventually towards the ag phase. These three regions are indicated in Fig.
11 by different shadings. The observed behavior is in good agreement with the conventional picture
of annealing phenomena in metals which is believed to proceed via initial reduction of stress and
number of defects, recrystallization, and grain growth. All these steps are evident in the measured
diffraction patterns at temperature.

Anisotropy in the thermal expansion coefficients of hcp O-titanium can be found in
different peak shifts of the a-Ti (101), (002), and (101) diffraction lines. a-Ti is known to exhibit
a larger thermal expansion in the ¢ direction perpendicular to the basal plane of the hexagonal
lattice® than in the a direction. For the a-Ti (002) peak, for instance, a temperature difference of
about 200 K should result in a peak shift of about 0.06 degrees in 20 for the scattering geometry
used (thermal expansion coefficient C, = 7.5¥10° K™! in the a direction and C. = 1.1*¥10° K! in
the ¢ direction® yield Co02) = 3.0¥10™ ©(28)/K for (002) line). Calculation of relative diffraction
plane d spacing expansion for the three a-Ti (101, 002, 102) peaks seen in the SRXRD data yields
the largest effect on the (102) diffraction peak (C91) < Cpoz) < Cyig2; With Cppz being ~ 20 %
more than Cy, and ~ 30 % more than C,)). Fig. 13 shows the peak shift of the three (hkl) a-Ti
peaks with temperature for an experimental SRXRD run at a position of x = -2 with respect to the

weld center. (hkl) peak positions were determined from a least-squares fit of a Gaussian profile
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function to the individual diffraction peaks. Temperature data were taken from the simplified heat
flow model. For clarification, the difference of (hkl) peak positions at elevated temperature and at
room temperature is displayed. Different expansion coefficients Cyy for different directions in the
a-Ti lattice (Fig. 18) can be seen from different slopes of the corresponding curves. A linear fit to
each curve in Fig. 13 yields expansion coefficients in terms of diffraction angle 20 of Cy,; =
2.0%107 °(28)/K, Cpgy = 1.5%10° °(20)/K, and Cypy = 2.5%10° °(26)/K. The qualitative
difference between the Cy; expansion coefficients is in agreement with the above-mentioned
considerations (C;9;) < Co2) < C102)), With the ratio between C;9;) and C;, of 0.6 being slightly
higher than the calculated difference of ~30%. Furthermore, the experimental absolute values exceed
the expected ones by one order of magnitude. This might be due to an additional peak shift caused

by a slight wobbling motion of the titanium bar during the experiment.

4.2.2 The Qgg pattern: location and associated microstructure

The locations at which the Oyg pattern was observed are plotted in Fig. 14a. The
corresponding diffraction pattern is shown in Fig. 14b. Further annealing and growth of a-Ti
diffraction domains are expected with increasing temperature towards the weld center. The process
can indeed be observed in a continuous decrease in diffraction peak width, which eventually leads
to a transition from O to Org patterns. a-Ti diffraction patterns from inside the HAZ (915 °c
isotherm) correspond to O + 3 coexistence regions. Different kinetic mechanisms that govern a -
B and B = o phase transformation ahead and behind the center of the weld, respectively, are
responsible for the occurrence of a-Ti beyond the phase transformation isotherm on the heating

side of the weld™®.
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Similar to the O 4r pattern, the observed Org pattern also exhibits a strong (002) intensity
due to texture of the base metal, and a low angle shoulder due to contribution of TiO, phases.
However, the integrated intensity of the TiO, peak seems to be larger for Ogg patterns compared
to the base metal. Two reasons can account for this observation. Firstly, diffusion and segregation
of oxygen into the existing TiOy layer and annealing of the same, might result in an increase of TiO
peak intensity. Secondly, in the coexistence region with B-Ti (Fig. 14b), oxygen from titanium
particles that already have been transformed to -Ti diffuses to the remaining a-Ti, which has a
higher oxygen solubility, resulting in an increase of the TiO, contribution to the a-Ti diffraction
peaks. Additionally, a distinction of TiO,; and TiO,, diffraction peaks (Fig. 15) as previously
reported'? is possible at this state of annealing and grain growth of a-Ti. An Ogg diffraction
domain thickness of about 300 nm was estimated from single ‘spike’ width obtained from a least-
squares fit of several Gaussian function to one Bragg peak (Fig. 15). Due to the limited number of
data points, peak widths (5 in number) were refined to vary the same plus two extra peaks for

TiO,; and TiO,, shoulders.

4.2.3 The (B and [3; patterns: location and associated microstructure
The locations at which the B and [y pattern were observed are plotted in Fig. 16a. The
corresponding diffraction pattern is shown in Fig. 16b. At temperatures above the 915 °C a > B
phase transformation isotherm [3-Ti becomes the thermodynamically more stable titanium phase.
In the vicinity ~2.0 mm of the liquid weld pool and on the backside of the HAZ, ‘pure’ B-Ti
diffraction patterns are observed (Fig. 16). Further out in the colder region but still in the HAZ, a

large coexistence region with 0-Ti can be found ahead of the liquid weld pool, whereas this region
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appears to narrow with x. The transformation kinetics (hence mechanism) on the leading side of the
liquid pool with thermal gradients ~ 100 K/mm may be very different from that of the back side
having a lower thermal gradient. Such difference in kinetics is largely responsible for the variation in
spatial extent of the o + [ coexistence regions in the HAZ".

Large B-Ti diffraction domains in the hot region of the HAZ lead to strong and very narrow
diffraction peaks (Fig. 16b). Again, splitting within a given diffraction peak similar to those
discussed for the Ogg pattern is observed. Since the [-Ti grains seem to grow larger than o-Ti
grains particularly in the hot region of the HAZ near the weld pool, generally only one or two
‘spikes’ can be observed with an occasionally missing of all diffraction peaks. Similar to the base
metal 0-Ti patterns, the 3-Ti patterns also show a preferred orientation in the diffraction patterns.
On the average, most patterns showing a strong (110) peak and only a small or no (200) peak can
be found in the experimental data. This might be inherited from the preferred orientation of the a-
Ti phase in (002) direction. In the a = [3 phase transformation the most densely packed hcp layer
(basal plane (002)) in a titanium becomes the most densely packed layer in the [ titanium bcc
structure leading to a preferred orientation of large 3 grains in the (110) direction of the cubic -Ti
lattice. Furthermore, the size of (3 diffraction domains in the colder part of the HAZ right after the
phase transformation has taken place, amounts to ca. 300 nm as calculated from diffraction peak
width obtained from profile refinement to a multiplet (200) peak. This value is in good agreement
with the diffraction domain size of 0rg-Ti prior to phase transformation, and substantiate the fact
that the entire 0-Ti grain transforms to (3-Ti and retains its grain size upon phase transformation.
This corroborates the idea of maintaining the most dense layer in hcp a-Ti and bee B-Ti upon

transformation as cause for the observed texture in 3-Ti.
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Besides diffraction patterns exhibiting strong B-Ti peaks, a low intensity (110) . peak is
also observed usually in coexistence with the Qg pattern (Fig. 14). The B, pattern extends over a
considerably long range in the y direction. The underlying microstructures that belong to locations
on the map showing (3, diffraction patterns have to be divided into two different phases.
Diffraction data taken below a straight line drawn from the maximum of the 915 °C isotherm in y
parallel to x (Fig. 16) belong to residual 3-Ti that was not completely back transformed to a-Ti.
This residual 3-Ti stems from region in the HAZ were the phase transformation temperature was
exceeded. The ratio of integrated intensities of (110) B peak and (002) agr peak amounts to ca.
0.1. In contrast, (110) B, peaks measured above the maximum of the 915 °C isotherm in y
correspond to O-Ti that had already started to but did not completely transform to B-Ti. The early
onset of the transformation can be explained by a slightly lowered a - [3 transformation
temperature in the vicinity of bce nucleation sites within the material or due to impurities in the

titanium®°.

4.2.4 The agy pattern: location and associated microstructure
The locations at which the apr pattern was observed are plotted in Fig. 17(a). The
corresponding diffraction pattern is shown in Fig. 17(b). This new Ogt pattern is found behind the
“B-pattern” region and outside the HAZ (Fig. 20), and is associated with a new microstructure of
0-Ti. This pattern corresponds to a-Ti that has been back transformed from B-Ti formed in the
HAZ around the weld. Compared to the Org and the [ pattern, the Opr pattern in Fig. 20 shows
no multiple diffraction line and the line width is in the same range as the 0,y pattern. The size of

Ogt phase diffraction domains amounts to about 100 nm as obtained from the Scherrer formula.
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Since the agr phase stems from large 3 grains in the HAZ, it implies that the size of the B-Ti
diffraction domains is not retained upon back transformation to a-Ti. This in turn suggest that
large [3 domains break up into smaller a-Ti domains during the back transformation.

Another characteristic of the agr pattern is the absence of a distinct low angle shoulder due
to contributions of TiO,. This corroborates the assumption of TiO, diffraction peaks originating
from surface oxidized base metal or oxygen impurities rather than oxidation of the metal during
welding. The o = 3 phase transformation results in oxygen diffusion from the forming [3-Ti grains
to remaining a-Ti base metal grains owing to a higher solubility of oxygen in a-Ti. Therefore, B 2>
o back transformation affords low oxygen a-Ti that shows no distinct contribution of TiO,. This
region stems from the o + B coexistence region in the HAZ (y = 9 to 10 mm) that results in a
mixed zone upon 3 = o back transformation containing o-Ti that has never been transformed to
B-Ti and back transformed o-Ti. Diffraction patterns belonging to this coexistence region can be
identified by the occurrence of a low angle TiO, shoulder together with a distinct (101) preferred
orientation and the presence of (100) and (110) a-Ti peaks. Fig. 18 shows a comparison of a Ogr
diffraction pattern and a coexistence pattern. A low angle shoulder can be seen at the (002) peak of
the coexistence pattern, whereas the otpovy (101) peak in both the coexistence and the agr
pattern exhibits a symmetric profile without a low angle shoulder. Additionally, the Opt pattern

exhibits low 3 (110) peak due to residual amounts of 3-Ti behind the HAZ of the weld.

5. Concluding Remarks
In this paper wehave described a couple adynchrotron techniques anektended our

experimental capability to probe materials processing in bottintieedlomain and spatial regime. In
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the case of solid combustion synthese3af and TgC, the chemicatlynamics of the combustion
front has been elucidated with a time-resolution of 50 ms time frames by monitoring x-ray diffraction
patterns of the reactants aptbductswith synchrotronradiation. Thesynthesis ofTaC from a
stoichiometric 1.1 mixture of Ta and C is preceded by the formation26f, The concentration of
which decreases with time as the diffusion contrgfiemtess proceeds tmmpletion. Formation of
TaC from a 2:1 mixture of Ta and C is straightforward acdurs almostmmediately with no
indication of any otheproducts. These resultdearly demonstrate usefulness othe TRXRD
technique using intense synchrotron radiation to monitor phase transformation atehipghature

solid stateprocesseslown to the millisecondime regimenot readily possiblewith conventional

means.

The SRXRD results for Ti fusiowelds illustrate the anothervelty of thesynchrotron
diffraction method to map solid-stgphases antheir boundariesn-situ with sub-millimeter spatial
resolution (~200 um) during materialsprocessingat temperatureand in real time Spatially
resolved and dynamic structural information of this sort, not readily obtainaitte either
conventional structural techniques (due to their ex-situ and post-mortem nature) orhsiatglew
calculation$“'”, must be taken into account for qualitative understanding and quantitative modeling of
phase transformation kinetics and microstructaxalution insystems under highly non-isothermal
conditions®. Finally, improved experimentatiorssich as asmaller beamspot emitted from 3
generatiorsynchrotron sourcegetter mechanical stability (tighter scattering geomedry use of
areal detector would enable maygantitativestructural informationfor future materials dynamic

studies exemplified by this work.
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Figure Captions

Fig. 1 Schematic diagram showing the TRXRD diffractometer reaction chamber setup at NSLS
Beamline X-11"%

Fig. 2 Schematics of the SRXRD setup used for in-situ phase mapping and real-time observation
of microstructure evolution in fusion welds'.

Fig. 3. Schematic representation of the SRXRD procedure used. Indicated are HAZ (limited by
915 °C isotherm) and FZ (limited by 1670 °C isotherm) as determined from heat-flow model
calculations', and the direction of movement of the titanium material underneath the tungsten
electrode (black dot at x = 0.0 mm and y=0.0 mm). Each dotted arrow represents a single
experimental SRXRD run, and each dot denotes an x-ray diffraction pattern measured at this
location. Heating and cooling side of the moving weld are indicated.

Fig. 4 A 3-dimensional plot of the time-resolved diffraction patterns for the combustion reaction: Ta
+ C - TaC collected at 100 ms/scan. Only every 10th scan was plotted for visual clarity. t=0.0s
corresponds to triggering of the detectors. Beyond 20s the TRXRD patterns remained unchanged.

Fig. 5 Selected TRXRD patterns collected at 100 ms/scan for the Ta ¥& combustion
reaction, showing critical events in the course of the reaction. Time = 0.0 seconds corresponds to
triggering of the detectors.

Fig. 6 Selected TRXRD patterns collected at 50 ms/scan for the 2Ta H&C combustion
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reaction, showing critical events in the course of the reaction. Time = 0.0 seconds corresponds to
triggering of the detectors.

Fig. 7 A series of SRXRD patterns measured across the >3 phase transformation isotherm (T =
915 °C) in the y-direction along the negative temperature gradient at a position x = -6 mm ahead of
the center of the weld (dotted arrow in inset) showing the B-Ti, B+a coexistence, and O-Ti zones.

Fig. 8 Principal diffraction patterns obtained from the current SRXRD measurement on titanium
fusion welds. (0) represent the base metal hcp a-Ti phase. (0ar) is for the annealed and
recrystallized a-Ti. (Org) denotes a recrystallized a-Ti phase exhibiting large diffraction domains
(grain growth). (agr) is for the back transformed a-Ti that forms from the region of the HAZ that
once contained B-Ti. (P) is for the B-Ti phase and ([3;) is for the B-Ti that coexists with a-Ti in
low amounts predominantly together with 0gt. The z-axis in the plot represents a line, y = 7 mm
parallel to the centerline of the weld as shown in Fig. 5 inset, that would yield this series of six
SRXRD patterns. Data were normalized to unity for the highest peak in each pattern.

Fig. 9 Normalized integrated intensities plotted as a function of time for Ta(114},(I81) and
TaC(111) diffraction peaks, showing the chemical changes in the course of the Ta + C reaction.

Fig. 10. Normalized integrated intensities plotted as a function of time for Ta(110)#hd Ta
diffraction peaks, showing the chemical changes in the course of the 2Ta + C reaction.

Fig. 11. (a) SRXRD map highlighting the locations at which the a,r pattern was observed in the
vicinity of the HAZ during welding. Locations in the weld where annealing and recrystallization of
the base material can be observed are indicated. (b) The corresponding diffraction pattern. Arrow in
the inset indicates a low angle shoulder due to presence of a hexagonal TiO, phase (see text).

Fig. 12. Variation of (002) a-Ti peak width as a function of y-coordinates along a positive thermal
gradient obtained from two runs ahead of the weld at positions x =-8 and -7 mm. Plotted is the
difference A(002) between a-Ti base metal (002) peak width at 20 °C and 0, (002) peak width at

temperature where an increasing A(002) reflects an increasing diffraction domain size.

Fig. 13. Evolution of a-Ti diffraction peak positions with temperature measured at a position of x
= 2 mm with respect to the weld (squares: (102), circles: (002), triangles: (101)). Plotted is the
difference A(hkl) between the a,r (hkl) peak position at temperature and the a-Ti base metal (hkl)
peak position at room temperature. Temperature information were extracted from the simplified
heat flow model.

Fig. 14. (a) SRXRD map highlighting the locations at which the agrg pattern was observed in the
vicinity of the HAZ during welding. Black bars inside the HAZ denotes regions of a + 3
coexistence. Dotted line indicates Org and Oy coexistence zone (see text). (b) The corresponding
diffraction pattern. Inset shows an enhanced TiO, shoulder together with a By (110) peak due to
contribution of 3-Ti.
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Fig. 15. Profile refinement of a-Ti (002) peak in an Qg diffraction pattern. Splitting of a single
(002) Bragg peak is due to the scattering geometry used. Additional contribution of two different
TiO, phases to a low angle shoulder is indicated. The five narrow peaks (with same refined peak
width) are attributed to at least five large domains in a-Ti diffracting into the photodiode.

Fig. 16. (a) SRXRD map highlighting the locations at which the 3 and B, pattern was observed in
the vicinity of the HAZ during welding. (b) The corresponding 3-Ti diffraction pattern.

Fig. 17. (a) SRXRD map highlighting the locations at which the agr pattern was observed in the
vicinity of the HAZ during welding. (b) The corresponding diffraction pattern. Arrow in inset
indicates absence of 0-Ti (002) peak in this pattern.

Fig. 18. Comparison of Ogy pattern from a-Ti back transformed from HAZ [B-Ti and a pattern
from the boundary between Ot + Ogg regions. Indicated by arrows are residual amounts of B-Ti
(B (110)) in the apr pattern and a low angle shoulder due to TiO, contribution to Qg pattern.
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